Graphitic porous carbon materials from pyrolysis of wood precursors were obtained by means of a nanosized Fe catalyst, and their microstructure and electrical and thermal transport properties investigated. Thermal and electrical conductivity of graphitized carbon materials increase with the pyrolysis temperature, indicating a relationship between the degree of graphitization and thus in crystallite size with transport properties in the resulting carbon scaffolds. Evaluation of the experimental results indicate that thermal conductivity is mainly through phonons and decreases with the temperature in Fe-catalyzed carbons suggesting that due to defect scattering the mean free path of phonons in the material is small and defect scattering dominates over phonon-phonon interactions in the range from room temperature to 800ºC.
In contrast to carbon powders, the obtained porous graphitic monoliths retain mecanical strength and exhibit high permeability and interconnectivity, while the continuous solid phase results in good transport properties without the need to use additives or binders [37, 38] . Besides the improvement in capacitances of Fe-catalyzed carbons respect to non-catalyzed carbons -up to two orders of magnitude -for its use as electrodes in electrochemical energy storage [38] , these graphitic monolithic structures appear to be a promising material for high temperature thermal management. Other possible applications of these materials are hydrogen storage [39] , catalysis [40] or separation processes [41] .
The issue of catalytic graphitization, although widely studied due to its importance in the synthesis of carbon nanostructures, is itself still a subject of debate. Graphitization by transition metals, notably Fe, Co or Ni, has been studied in the greatest detail [37, [42] [43] [44] [45] [46] , and most authors quote a mechanism involving the formation of near eutectic liquid droplets of MxCy (where M stands for the metal atom) that continuously dissolve and reprecipitate the surrounding amorphos matrix, yielding a variety of graphitic structures depending on the droplet size [27, 47] , that can vary from onion-like nanostructures to bulk, micron sized graphite crystals. Some authors detect the presence of iron carbides after reaction completion and cooling down to room temperature [31] , while others do not, rising question as to wether the final structure is formed at high temperature or upon cooling. Open questions in this model are an explanation for the formation temperature of these droplets, which is much lower than that predicted by the respective phase diagrams, as well as their supersaturation [28] . In-situ XPS studies of carbon nanotube growth on ZrO2 nanoparticles have however shown that graphitization from oxides can proceed without a prior carbothermal reduction to free metal, raising questions about the validity of the aforementioned theories [48] .
The aim of this paper is evaluate the effect of pyrolysis temperature on the degree of graphitization as well as on the thermal properties of Fe-catalyzed wood derived carbons, and determine the concurrent phenomena that predict the thermal transport in these carbon scaffolds. The microstructure, density, long-and short-range ordering and both electrical and thermal conductivity ranging from room temperature to 800 ºC of the resulting graphitic monolithic carbons were studied. the G-band (~1580 cm -1 ) intensity to the sum of the intensities of bands G and D1
(~1350 cm -1 ), according to:
Thermal conductivity
Thermal diffusivity was measured in the axial direction using the laser flash technique [51] (Linseis LFA1600). Samples of carbon pyrolyzed at different temperatures were cut into squares with a surface of 1 cm 2 and 5 mm thick and spray coated with colloidal graphite to prevent the direct laser radiation reaching the InSb infrared detector. Three measurements were carried out in vacuum at each temperature in the range of 25ºC to 800ºC, with the heat flow direction aligned to the wood precursors' original axis.
Reported values correspond to the mean and standard deviation of these three measurements.
In the laser flash technique one side of the sample is irradiated by an infrared laser pulse while the temperature of the other side is measured using an InSb infrared detector. The thermal diffusivity α is calculated following:
Where is the sample thickness, is a constant that accounts for thermal losses [52] and 1/2 is the time it takes for the temperature of the opposite side to reach half its maximum value.
Once the diffusivity is known, the thermal conductivity can be calculated using:
In the equation (3) is the sample density and ≈ is the specific heat capacity of the material at constant pressure. In our measurements, was taken as the solid density while the heat capacity was taken from the literature [53] .
Electrical conductivity
Room temperature electrical conductivity was measured using standard four-probe techniques. The sample size was (3 × 3 × 20) mm 3 ; long sides were oriented along the primary tree growth direction (along channel pores). In measuring the resistivity the electric current flowed along the long sample side, i.e., in parallel to channel pores. [50] and is the most prominent in amorphous carbon materials. Figure 2 shows the Raman spectra of some of the samples studied along with the results of the least squares fitting. It can be seen that the relative intensities of the G to D1 bands increase with increasing pyrolysis temperature while the full width at half maximum of the G band decreases, indicating a higher amount of graphitic carbon in relation to amorphous carbon and therefore an increase of structural order in the material. In un-catalyzed samples it has been shown by X-ray diffraction that the amount of turbostratic carbon increases with increasing temperature [29, 54] , which explains the decreasing trend in the G-band FWHM and increase of the G/D1 ratio. The large decrease in G-band FWHM as well as the large increase in G-band intensity at the onset of graphitization temperature can be then attributed to the presence of threedimensionally ordered graphite.
To further quantify this effect, we fitted the Raman spectra to the previously described bands using Pseudo-Voigt line shapes, and calculated a degree of crystallinity parameter β as defined previously. This parameter is plotted as a function of pyrolysis temperature in Figure 3 , along with the density of the carbon scaffolds: it can be seen that there is an increase of crystallinity with increasing pyrolysis temperature, and that this increase is steeper in the range of 1100-1400ºC, as it has been shown also for biocarbon graphitized using Ni as a catalyst [37] . This observation is corroborated by our X-ray diffraction results, which are shown in Figure 4 . Fe-catalyzed carbons show a peak centered at 2θ = 26.6°, corresponding to the (0002) crystal planes of graphite [pdf . This peak becomes taller and narrow with increasing pyrolysis temperature, indicating a higher degree of crystallinity. Therefore, the sample pyrolyzed at 1000 °C shows a small and broad peak which indicates the onset of the graphitization, while at 1600 °C the peak is much sharper.
Thermal conductivity
Measured thermal diffusivities as a function of temperature are plotted in Figure 5 for all pyrolysis temperatures studied. In this figure it can be seen that, at a given temperature, diffusivity increases with increasing pyrolysis temperature, suggesting a relationship between the degree of graphitization and thus crystallinity with transport properties in the resulting carbon scaffold. This hypothesis is further corroborated by our measurements of room temperature electrical conductivity, which are plotted in Figure 6 along room temperature thermal conductivity. As the pyrolysis temperature is increased, both thermal and electrical conductivity increase, suggesting a higher degree of crystalline ordering in materials pyrolyzed at higher temperatures. It has been shown in wood-derived porous carbons that increasing pyrolysis temperature increases the degree of crystalline long-range ordering, both when catalysts are used to promote graphitization [24, 30, [36] [37] [38] [55] [56] [57] [58] but also when they are not [29, 53, [59] [60] [61] , by increasing the size of the graphitic regions in the turbostratic carbon layers (increasing crystallite size). In the case of Ni-catalyzed samples, the precipitation of large, micron sized graphite crystals has been observed [24, 37] by transmission electron diffraction, even if they are absent in Fe-catalyzed samples. An increase in crystallite size would enhance transport properties by an increase in the crystalline volume fraction in the material as well as the degree of percolation of the crystalline regions. In the case of thermal transport by phonons, as will be discussed below, the increase on crystallite size would also have the effect of reducing phonon scattering at boundaries and defects.
Thermal conductivity in porous solids can be attributed to three concurrent phenomena:
conduction by electrons, conduction by phonons and radiative transfer. The latter has been shown to be negligible for porous carbon and SiC materials with a microstructure and emissivity resembling that of wood [34, 53] and thus will not be considered further.
Then, the total thermal conductivity can be written as:
The electronic contribution to thermal conductivity depends strongly on carrier concentration and mobility, and is related in a first approximation to electrical conductivity through the Wiedemann-Franz law:
Where is the electrical conductity, T is the temperature, is the Boltzmann constant and e is the electron charge.
The phonon contribution to the thermal conductivity has two terms, related to the phonon density and to phonon-phonon interactions (Umklapp scattering), following:
The term is related to phonon density and thus to the heat capacity of the material, according to:
Where is the density, ( ) is the specific heat capacity, which is temperature dependent and ℎ is an average phonon velocity. The remaining parameter, l, is the phonon mean free path, which depends on the concentration of phonon scatterers in the material. The two main phonon scatterers are atomic impurities and grain boundaries/interfaces: a reduction of either impurity concentration or the grain boundary density, by an increase in crystallite size, would enhance thermal conductivity. Since in our case all the studied materials are synthesized with the same conditions, catalyst concentration, etc., it is safe to assume that any change in thermal conductivity associated to a change in pyrolysis temperature should be attributed to an increase in crystallite size only and thus on changes in the phonon mean free path.
The last term is related to Umklapp processes, in which phonons are scattered by other phonons. This effect is relevant at high temperatures where phonon density is approximately constant and thus an increase in temperature results in an increase in the probability of phonon-phonon scattering events. Umklapp scattering is usually empirically described by a relationship of the form:
Where = 1 − 2. An important consequence of the above discussion is that phononphonon interactions are essentially independent on crystallite size, and result in a reduction of thermal conductivity with increasing temperature. Figure 7 shows the thermal conductivities derived from measured diffusivities and densities, and from reference heat capacity [53, 62] . In this case, conductivities increase with increasing temperature and, for a given temperature, also increase with pyrolysis temperature. To evaluate the electronic contribution, we have calculated using the Wiedeman-Franz law and plotted the result in Figure 7 , assuming that the electrical conductivity does not vary with temperature as a first approximation. For ease of viewing, we have only plotted the contribution calculated for samples pyrolyzed at the highest temperature, 1600ºC; for the rest of the studied samples would fall below this line. It is clear then that the electronic contribution to conductivity is very small, and thus ℎ should dominate.
In POCO graphite foams, obtained from mesophase pitch and exhibiting a large degree of crystallinity and crystallite size, thermal conductivity is dominated by Umklapp scattering in the whole range of temperatures measured here. If that were the case for graphitized wood biocarbon, thermal conductivity should be essentially independent of temperature, which goes against our results, as well as previously reported values for
Ni-catalyzed wood derived carbon [36] or resorcinol-formaldehyde derived carbon aerogels [53] which show an increase of conductivity with temperature. This means that mean free path of phonons in these materials is so small that defect scattering dominates over Umklapp processes in the range of temperatures studied.
Solid lines in Figure 7 represent the results of fitting the experimental thermal conductivity values to Equation (6) . In this case, the influence of phonon-phonon scattering was fitted globally for all pyrolysis temperatures since it should be independent of microstructure and crystallite size in a first approximation. Thus, the only fitting parameter was:
Which is temperature independent. The parameter A is a multiplicative factor describing the effects of density, phonon mean velocity and free path on ℎ , which can be calculated from the result of the fit since the rest of the parameters are known or can be obtained from the literature. For the calculation of crystallite size, measured solid densities and a value of ℎ = 725 / [53] were used; results are detailed in Table 1 , along with the rest of relevant results from this paper. Consistent with previous observations [37, 53, 58, 63, 64] , increasing pyrolysis temperature results in an increase in crystallite size to which we attribute the enhancement of transport properties, either thermal or electrical.
It is instructive, to put our results in context, to compare the thermal conductivity of Fecatalyzed samples with results of similar materials. 
Conclusions
Porous graphitic monolithic carbons have been achieved using an iron catalyst during pyrolysis, retaining the microstructure of the wood precursor used. The degree of crystallinity and structural order of Fe-catalyzed samples increases with an increase in the pyrolysis temperature. The increasing of both thermal and electrical conductivity with the pyrolysis temperature confirms an enlargement in crystallite size that enhances the transport properties by an increase in the crystalline volume fraction in the material as well as the degree of percolation of the crystalline regions.
Thermal diffusivity in Fe-catalyzed carbons is dependent on the measured temperature and increases in the range studied, from 25 to 800 ºC. Heat conduction in carbon materials is produced mainly by phonons. Evaluation of the experimental results attending to the phonon contributions suggests that the mean free path of phonons is so small that defect scattering dominates over Umklapp processes in our material. Thermal conductivity of Fe-graphitized carbons is up to 5 times higher than in non-graphitized wood-derived carbons measured at the same conditions.
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